In order to accelerate cell leading into microwells on single cell based microwell array system, negative dielectrophoresis was employed. Gold thin film was formed onto PDMS microwell array sheet and high frequency sinusoidal voltage was applied between the gold film and ITO electrode which was above microwell array. Optimal conditions for negative dielectrophoresis were 100 MHz and 3 V in this system. Implanted ratio (ratio of cells in wells comparing with total cells in the measured image) was 63.8%, over 4.5 fold higher than without voltage application. The application of optimal sinusoidal voltage gave no damage on animal cells.
Introduction
Recently, much attention has been focused on cell chips. 1 Typical cell chips are toxicity test chips using hepatic cells and microarray chips whose well size is over hundreds of micrometers. On the other hand, studies on single cell analysis are also increasing. After the completion of human genome sequencing, it is now necessary to develop means to observe the functions of biomolecules in single cells. We have developed a single-cell-based microarray chip system for rapid screening of antigen-specific B lymphocytes. We have already developed microarrayed fluorescent sensors for pH, oxygen, glucose and so on. 2 By using a such sensor with a single cell collection unit, detection and collection system of target single cell was also developed. 3 We have also reported the microarrayed immunosensor using a two dimensional surface plasmon resonance (SPR) imaging sensor. 4, 5 One of the most serious problems for these single-cell based microarrayed chip system is how to set a single cell into each micro well. We conventionally sedimented cells into micro wells without any treatment. But only 20% wells could be occupied with a cell even with 1 © 10 7 cells mL ¹1 cell suspension. Several papers reported on the suction method using a small orifice fabricated at the bottom of each micro well. But very high techniques are required for preparation of such small orifices and applicable types of cell chips are very limited. Therefore it is not suitable for microarrayed sensors mentioned above. We focused on dielectrophoretic manipulation of cells. Dielectrophoresis 6 is the application of an alternating current in a nonuniform geometry. Dielectrophoretic force acting on the polarized cell causes it move either up (positive dielectrophoresis) or down (negative dielectrophoresis) the electric field gradient created by the non-uniform electrode geometry. Dielectrophoresis can operate directly on native, unlabelled cells. Therefore many papers on applications of dielectrophoresis have been reported such as cell manipulation (isolation, 7 patterning, 8 setting, 9 etc.) and particle immunoassay. 10 Positive dielectrophoresis shows usually higher dielectrophoretic force than negative dielectrophoresis, but positive dielectrophoresis cannot applied to a single-cell based microarrayed chip. Animal cells show usually negative dielectrophoresis in higher ionic strength solution like culture medium for animal cells. Cell manipulation such as cell patterning using negative dielectrophoresis has been reported. 8 In this study, negative dielectrophoresis was firstly applied to cell injection into single-cell based micro well array chip using very simple device. Mouse lymphocytes were guided into the single cell based micro well array by negative dielectrophoresis.
Experimental
Micro well array was prepared by coupling the PDMS microwell array sheet and a glass slide. The PDMS micro well array sheet was prepared with Sylgard 184 (Dow Corning, Midland, MI). Master molds were prepared with silicon wafers by silicon deep dry etching process. The mixture of base reagent and curing reagent of Sylgard 184 (base:curing = 10:1) was cast over the master mold to create complementary microwell array in PDMS. Hexagonal through holes (side length 8 µm, depth 15 µm) were formed every 20 µm in array arrangement and sheet thickness was 15 µm.
Gold film was fabricated onto PDMS well sheet by vacuum vapor deposition method. PDMS well array sheet was put on a glass slide and 150 nm gold film was deposited at below 3.0 © 10 ¹3 Pa. As shown in Fig. 1 , ITO electrode was put on a gold-deposited PDMS microwell array sheet by putting a silicone spacer (aperture area: 5 mm © 5 mm, 0.1 mm or 0.05 mm thickness) between them. Therefore, volume of the device was 2.5 µL (0.1 mm thickness) or 1.25 µL (0.05 mm thickness). Total number of micro wells in the device was 62500.
Sinusoidal voltages were applied between the electrodes on the upper cover and the PDMS well sheet using a function generator (Type WW2572, Toyo Corp., Tokyo). Cells behavior under the 
Results and Discussion
Firstly, cell behavior under high frequency sinusoidal voltage application was investigated using simple experimental setup. A PDMS well-array sheet (well diameter: 30 µm) attached ITO electrode and a bare ITO electrode were set with a distance of 0.1 mm, and cell suspension was injected into it. By the application of high frequency AC voltage (10 MHz, 5 V), cells were gathered around wells (not inside wells) where electric field intensity was weaker (Fig. 2) . This result indicates that negative dielectrophoresis was occurred under this condition.
Therefore the microwell array chip for negative dielectrophoresis was designed and fabricated, as shown in Fig. 1 . In order to weaken electric field intensity of microwells, gold thin film was deposited onto the top surface of the PDMS microwell sheet. Voltage was applied between this gold thin film and the upper ITO electrode by using function generator. Effect of voltage application was evaluated by implanted ratio [= (Number of cells in wells) © 100/(Total number of cells)] in each measured image.
Firstly, model experiment of negative dielectrophoresis was done by using polystryrene microbeads (6 µm in averaged diameter). Microbeads were suspended in distilled water (2 © 10 7 particles mL ¹1 ). By the application of sinusoidal voltage (10 MHz, 5 V), implanted ratio was increased up to 20.8%, 2.26 times higher than control. Then optimal conditions for negative dielecrophoresis were investigated. As shown in Fig. 3 , implanted ratio was improved up to 72.9% under the application of 10 MHz and 15 V.
Since polystyrene microbeads were successfully led into microwells dielectrophoretically, this method was applied to mouse lymphocytes. Firstly, optimal conditions for negative dielectrophoresis of cells (mouse lymphocytes) were investigated. In case of mouse lymphocytes, ionic strength of culture medium (Hanks' solution which contains 8 g mL ¹1 NaCl) is high. In order to minimize electrolysis, frequency was changed from 10 to 100 MHz.
Effect of applied voltage was investigated under 100 MHz. An example of micrographs for cells in the device was shown in Fig. 4 .
As shown in Fig. 5 , implanted ratio became maximum (53.1%) under 3 V and 100 MHz. Dielectrphoretic force becomes stronger by the increase of applied voltage. But over 3 V, convection flow was observed in cell suspension, and implanted ratio was decreased. This convection flow might be caused by electrolysis and/or heat generation in Hanks' solution. In case of polystyrene micro beads, optimum voltage (15 V) was higher because the suspension (in distilled water) contained little ions. And convection flow might be hard to occur.
Intensity of dielectrophoretic force depends on the potential gradient. Since dielectrophoretic force was not so strong, distance between two electrodes was shortened from 0.1 to 0.05 mm. As shown in Fig. 5 , implanted ratio was increased up to 63.8% under 3 V and 100 MHz. Then optimal frequency was investigated under 3 V and 0.05 mm gap. As shown in Fig. 6 , implanted ratio was increased by the increase of frequency. Since maximum output frequency of our function generator was 100 MHz, optimum frequency was determined as 100 MHz.
Finally, effect of voltage application on cell viability was investigated. Sinusoidal voltage of 100 MHz, 3 V was applied for 5 min, and cells were stained with calcein-AM and PI. Viable cells show green fluorescence of calcein, which is digestive product of calcein-AM by esterase reaction. Dead cells show red florescence of PI which intercalates with DNA. Viable rate after voltage application was 94.9% which was almost the same rate as control (without voltage application). Therefore negative dielectophoresis gives no damage on animal cells.
Conclusions
By depositing gold thin film onto a PDMS microwell sheet, the microwell array chip for negative dielectrophoresis could be prepared. Optimum conditions for dielectrophoresis of polystyrene micro beads (6 µm in diameter) were 10 MHz and 15 V, and that of mouse lymphocytes were 100 MHz and 3 V. Comparing with conventional implanted ratio (without negative dielectrophoresis)), implanted ratio was increased from 15.4 to 63.8% by negative dielectrophoresis. Cells got no damage by this voltage application.
Although cells were led by negative dielectrophoresis into microwells, but implanted ratio was still below 65%. Cells which have already got down onto non-well area of PDMS well sheet, could not be led into well anymore. This caused the limitation of implanted ratio. In this study, number of cells in each micro well was not considered in order to obtain implanted ratio. But most of wells was occupied with a single cell. Number of cells in a well could be easily estimated by measuring fluorescence intensity. In PDMS micro well (depth 15 µm) used in this study, the second cell was easy to be washed out. Another reason for it was caused by the feature of dielectrophoresis. After one cell was led into the micro well, another cell could not been led into that well because of the hindrance of dielectrophoresis effect. This is also another advantage of the use of negative dielectrophoresis. 
